). Individual labeled axons could be traced including locomotion, respiration, chewing, and suckfrom these nuclei to their dense termination zones in ling-whisking is thought to be regulated by a central the lateral facial nucleus (Figures 1A and 1B) . pattern generator (Gao et al., 2001; Semba and KomiTo further demonstrate that wFMNs receive serotonsaruk, 1984). These CPGs are networks of premotoneuergic inputs, we injected the retrograde tracer cholera rons that generate pacemaker-like activity that drives toxin subunit B (CTB; n ϭ 6 rats) into the region of rhythmic firing in their target motoneurons (Grillner and physiologically identified wFMNs. Labeled pre-wFMNs Zangger, 1979).
Serotonin Cells Evoke Whisker Movements
sess active membrane properties that render these neurons intrinsically bursting (Eken and Kiehn, 1989; KataWe next asked whether stimulation of serotonergic cells could evoke whisker movements. In anesthetized rats, kura and Chandler, 1990). These properties include we stereotaxically targeted a bipolar stimulating electrode to regions of the medullary serotonergic nuclei (n ϭ 4 rats). Short trains of low intensity current (30 A) evoked whisker movements in response to stimulation of the ROb, RMg, LPGi, and the gigantocellular reticular formation, pars ␣ (GiA) (Figure 2 ). These movements consisted of individual, small protractions confined to one or a small group of whiskers. Whisker movements did not outlast the stimulus and were not rhythmic. Because electrical stimulation may inadvertently activate fibers of passage, we repeated the experiment by stimulating serotonergic cells with the glutamate analog D,L-homocysteic acid (DLH; Li and Smith, 1997; Smith and Li, 2000). We targeted a micropipette containing 10 mM DLH to brainstem locations where electrical stimulation elicited whisker movements (n ϭ 2 rats). Pressure ejections of small volumes of DLH (27 nL) elicited whisker movements similar to those evoked by electrical stimulation. Sites that evoked whisker movements when stimulated electrically or chemically included the RMg, ROb, RPa, and LPGi. Sites that did not evoke whisker movements with electrical or chemical stimulation included the dorsal aspect of the ROb, as well as most regions of the gigantocellular reticular formation (Gi) dorsal to the RMg. These results demonstrate a functional connection between medullary serotonergic cells plateau potentials, which generate prolonged firing in ply to passive membrane depolarization. Similar results were obtained in experiments in which serotonin was response to brief current injections, and a hyperpolarization-activated cationic current (I h ) active at or near restapplied without glutamate and GABA receptor antagonists (n ϭ 4 neurons). Subsequent addition of these ing membrane potential (Larkman and Kelly, 1992). None of these properties characterize wFMNs. At their resting antagonists did not significantly alter the resting membrane potential of these neurons. membrane potentials (Ϫ62.8mV Ϯ 4.0mV), wFMNs did not fire spontaneously, and in response to suprathresh- Figure 3D depicts an autocorrelogram of serotoninevoked firing in a neuron in which the average interspike old depolarizing currents, they generated a train of action potentials that never outlasted the current injection interval was 180 ms (oscillating frequency of 5.2 Hz). The mean oscillating frequency for 20 of 23 wFMNs ( Figure 3A) . Further, the hyperpolarization-activated depolarizing "sag," indicative of an I h current, could be that responded to serotonin was 6.1 Ϯ 2.1 Hz (mean Ϯ standard deviation). Frequencies in this range are of evoked only at deeply hyperpolarized membrane potentials (Ϫ32mV Ϯ 12mV relative to rest; Figure 3A ). These particular interest, since exploratory whisker movements are observed at frequencies of 5-9 Hz. To quantify findings suggest that wFMNs are not intrinsically bursting and that they require rhythmic synaptic inputs to the regularity in firing, we computed the coefficients of variation of interspike intervals in these 20 wFMNs. generate rhythmic whisking. Since serotonergic neurons in the ROb and RPa fire rhythmically (Veasey et al., 1995) These ranged from 0.11 to 0.30 (mean ϭ 0.19), demonstrating a low variability in firing rates. In the remaining and innervate wFMNs (see above), these neurons may provide these rhythmic synaptic inputs.
3 of 23 wFMNs, serotonin also evoked action potentials, but in these cells the firing frequency was lower (2.7, To test the role of serotonin in regulating the activity of wFMNs, we exogenously applied serotonin to these 3.3, 3.6 Hz) and the coefficients of variation of their interspike intervals were large ( In most wFMNs, the addition of either of these receptor antagonists abolin the absence of serotonin, the threshold for action potential generation evoked by depolarizing current inished the serotonin-evoked firing in a concentrationdependent manner ( Figure 3B ). This effect was observed jections was, on average, 15.3mV Ϯ 9.8mV higher than the membrane depolarization evoked by serotonin. This in all cells for which 1-10 M Y25130 was applied (n ϭ 5), but not in response to lower concentrations of 0.1-0.5 suggests that the effects of serotonin were not due sim-M (n ϭ 3). Similarly, cinanserin abolished serotoninthe power spectra from each side exhibited a narrow peak in the 5-7 Hz frequency range. The central frequenevoked firing at concentrations of 5-20 M (6 of 7 cells) and had no effect at 2 M (n ϭ 1). Suppression of firing cies of these peaks, as well as their integrals, were nearly identical, and consequently, the calculated difference was accompanied by hyperpolarization (Յ9mV; 10 of 11 neurons) or a depolarization (13mV; n ϭ 1). The effects between these peaks was negligible ( Figures 4B and  4C) . Similar results were obtained following injections of the receptor antagonists were reversible upon washout in 6 of 11 cells, and in these cells rhythmic firing of saline into the lateral facial nucleus on the experimental side ( Figure 4B , and see group data in Figure 4C ), returned to, or near, the same frequency as seen in serotonin alone ( Figure 3B ). These results indicate that indicating that neither the implanted probe nor the injection procedure altered whisking kinematics in the experithe serotonin induces rhythmic firing via the activation of 5-HT 3 and 5-HT 2 receptors. mental side. By contrast, following infusion of metergoline, the control whisker activity retained a spectral peak in the 5-10 Hz frequency range, while the peak at these Serotonin Antagonists Disrupt Rhythmic Whisking frequencies for the experimental whisker was severely When rats explore their environment by whisking in air diminished ( Figure 4B ). As a result, there was a large (without contact), whisker movements are bilaterally difference in the calculated difference between power symmetrical, with the whiskers on both sides of the face spectra recorded from the two sides. Analysis of group moving in unison and at a similar frequency (Gao et al., data ( of the serotonin receptor antagonist metergoline, the central peak in the cross-correlogram was reduced in In control conditions, whiskers on both sides of the face moved together and were highly synchronous. This amplitude, and the sidebands were abolished ( Figure  5B ). This suggests that, despite the arrhythmic and sigbehavior is shown in Figure 4A , which depicts bilateral traces of filtered, rectified EMG activity. Upon infusion nificantly less frequent whisker movements, when the experimental whiskers do protract, they do so in synchrony of selective antagonists to the 5-HT 3 or 5-HT 2 receptors, visual observation of whisker movements and examinawith the control whiskers. This finding corresponds well with the behavior we observed; often, whiskers on both tion of EMG traces revealed a severe disruption in the whisking pattern ( Figure 4A ). To quantify these effects, sides of the face moved in unison for the first whisk or two of a cycle. The control whiskers would typically we computed power spectral densities of the EMG activity and defined as significant peaks spectra whose amcontinue to whisk, while the experimental whiskers would remain still except for occasional movements plitudes were 1 standard deviation greater than the mean ( Figure 4B) Figures 4B and 4C ). Prior to drug injections, Although the whisker movements remain correlated when serotonergic inputs are disrupted, the timing bedoes not play a role in synchronizing bilateral whisking, nor is it involved with the initiation of whisking. tween whisker movements may have shifted to produce a more pronounced delay between them. A delay in whisker movements can be computed from the time lag Discussion in the cross-correlograms; a peak centered at t ϭ 0 represents synchronous protractions, whereas peaks at Effects of Serotonin on Motoneurons Spinal, cranial, and facial motoneurons respond to serot ϶ 0 represent time lags between protractions on the two sides. In control conditions, most (Ͼ70%) of the tonin with an increase in excitability, mediated in part by a depolarization of the membrane and an increase in bilateral protractions were synchronous within Ϯ8 ms, as seen in the cumulative probability plot in Figure 5D input resistance (Hounsgaard and Kiehn, 1989). In agreement with these studies, we find that serotonin depolarizes and the boxplot in Figure 5F . Injections of serotonergic antagonists had no significant effect on this synchrony and increases the input resistance in wFMNs. In addition, serotonin endows trigeminal and spinal motoneu-( Figure 5D ; Kolmogorov-Smirnov, p ϭ 0.996). This finding further supports our conclusion that while serotonin rons with the ability to produce burst oscillations and plateau potentials. These hallmark properties of memis involved in the rhythmicity of whisker movements, it fire bursts of action potentials in the presence of serotonin. Previous studies on rat facial motoneurons report that whereas serotonin does not induce firing in rat facial motoneurons, it has a facilitatory effect on glutamatergic inputs (McCall and Aghajanian, 1979). In contrast to these reports, we found that serotonin alone is sufficient to evoke rhythmic firing in wFMNs and that this effect occurs in the absence of depolarizing current injection or glutamatergic inputs. These discrepancies may reflect differences in the motoneurons included in the studies; while all previous studies provide data from unidentified facial motoneurons, we recorded specifically from wFMNs in the lateral subdivision of the facial nucleus. 
